Abstract In this paper, the critical energies required for direct initiation of spherical detonations in four gaseous fuels (C 2 H 2 , C 2 H 4 , C 3 H 8 and H 2 ) -oxygen mixtures at different initial pressures, equivalent ratios and with different amount of argon dilution are reported. Using these data, a scaling analysis is performed based on two main parameters of the problem: the explosion length R o that characterizes the blast wave and a characteristic chemical length that characterizes the detonation. For all the undiluted mixtures considered in this study, it is found that the relationship is closely given by R o ≈ 26λ, where λ is the characteristic detonation cell size of the explosive mixture. While for C 2 H 2 − 2.5O 2 mixtures highly diluted with argon, in which cellular instabilities are shown to play a minor role on the detonation propagation, the proportionality factor increases to 37.3, 47 and 54.8 for 50%, 65% and 70% argon dilution, respectively. Using the ZND induction length ∆ I as the characteristic chemical length scale for argon diluted or 'stable' mixtures, the explosion length is also found to scale adequately with R o ≈ 2320∆ I .
Introduction
The critical energy required for the direct blast initiation of a detonation in a given explosive mixture has long been considered as perhaps the most direct means of determining an explosive sensitivity [1, 2] . Direct initiation of detonation, in contrast to the transition from deflagration to detonation (DDT), refers to the 'instantaneous' formation of a detonation in the asymptotic decay of the strong blast wave from a powerful ignition source [3] [4] [5] . The energy of the ignition source is thus the sole parameter which characterizes the decay of the strong blast and the detonation initiation. From blast wave theory, the characteristic length scale for the spherical blast wave is given by the explosion length, R o = (E spherical /p o ) 1/3 . Dimensional considerations thus suggest that the explosion length must correlate with a chemical reaction length that describes the detonation structure for the direct initiation problem [6] [7] [8] .
The objective of this paper is twofold: new measurement data of the critical energy for direct initiation of spherical detonations in four gaseous fuels (C 2 H 2 , C 2 H 4 , C 3 H 8 and H 2 ) -oxygen mixtures at different initial pressures, equivalent ratios and with different amount of argon dilution are first reported. Experiments were carried out in a high pressure spherical chamber and direct initiation was achieved via a high voltage capacitor discharge. The effective spark energy was estimated from the analysis of the current output of the ignition system during the discharge. Detailed information about the experimental set-up and measurement procedure can be found in our previous publications [9] [10] [11] [12] [13] . Using these data, a scaling analysis is performed to investigate the relationship between the explosion length R o and the chemical length scale of the detonation structure. The results of the analysis appear to further contrast the direct initiation of detonations in undiluted unstable mixtures, in which cellular instability plays a prominent role and that the cell size is used to characterize the detonation structure; and in highly argon diluted mixtures where the detonation is relatively stable in that the reaction zone is at least piecewise laminar described by the ZND model and that the detonation structure can be characterized well with the steady ZND reaction length readily computed using the chemical kinetic data of the reaction [14] [15] [16] .
Results and discussion
Figs. 1-3 summarized all the measurement results obtained in this study. The critical initiation energies of undiluted and diluted hydrocarbon-oxygen mixtures are plotted for different initial pressures and equivalent ratios. The upper and lower limits of the error bar represent respectively the last energy values used in an experiment with the same conditions at which successful and failure of direct initiation are observed. Also shown are available data from the Caltech Detonation Database [17] for comparison. In general, the present data follows and extends well those found in the Detonation Database, except there may appear a notable discrepancy for C 2 H 4 results shown in Fig. 2b . Nonetheless, it should be pointed out that the initiation energy reported in [1] was not 'directly' measured. The method is by first obtaining the critical tube diameter, which is then put into a semiempirical work done model to approximate the initiation energy [1] . Fig. 4 also provides new experimental data for 2H 2 -O 2 mixtures at higher initial pressure than those previously published in [17] and data not reported in our previous publication [10] .
Using the present critical energy data, it is possible to carry out a quantitative scaling analysis for the direct blast initiation problem. Since the strong spherical blast length scale is given by the explosion length,
1/3 and the sensitivity of a detonating mixture can be described by a characteristic chemical reaction length, or equivalently the cell size λ, dimensional considerations led Lee and co-workers [6] [7] [8] cell size λ of all the undiluted mixtures considered in this study. The linear regression gives:
with the coefficient of determination R 2 and the maximum deviation between the correlated values and the experimental data equal to 0.844 and 39.05%, respectively. All the detonation cell size values for undiluted mixtures are interpolated/extrapolated using data from the Caltech Detonation Database [17] . It is worth noting that for undiluted mixture, the cell size is usually irregular particularly at low initial pressure, making the determination of a characteristic cell size difficult. The uncertainty in the cell size data for unstable mixtures can be as much as a factor of 2. Taking these experimental errors into account, the goodness of the above linear regression appears reasonable. Figure 6 shows the similar plot of explosion length R o as a function of detonation cell size λ for the C 2 H 2 -2.5O 2 mixtures diluted with 50%, 65% and 70% argon. For argon diluted mixtures, the cell sizes are determined using correlations given in [18] . It appears that the relationship between the explosion length and the detonation cell size still follows the linear scaling law. However, with an increasing amount of argon dilution, the proportionality factor also increases, i.e., to 37.3, 47 and 54.8 for 50%, 65% and 70% argon dilution, respectively. The results thus indicate that the characteristic length required for the reactive blast wave to evolve into a self-sustained detonation is relatively longer than that for the unstable detonations.
It is of interest to point out that the observation from the above scaling analysis agrees with that of the critical tube diameter problem [19] . For unstable detonations, the critical tube diameter follows well the universal correlation d c = 13λ. While for highly stable detonations, the critical tube diameter can vary significantly from 20 -30λ. This led Lee to suggest that the distinct difference in the critical diameter phenomenon for the undiluted and highly diluted mixtures is related to the stability nature of the detonation front and failure mechanism [19] . For unstable detonations, failure is based on instabilities at which explosion centers are unable to form in the failure wave when it has penetrated to the charge axis. While for stable detonations, failure is caused by excessive curvature of the entire detonation front when the corner expansion waves have distributed the curvature over the detonation surface [19] . There appears a similarity between the present result and that of the critical tube diameter problem, which both suggest that the mechanism for both detonation propagation and initiation can be different in undiluted (unstable) and diluted (stable) combustible mixtures.
Knowing that for highly argon diluted mixtures, the detonation is relatively stable in that the reaction zone is at least piecewise laminar described by the ZND model and cellular instabilities play minor roles on the dynamics of the detonation [14] [15] [16] , the explosion length may perhaps correlate better with the ZND induction zone length. Here Fig. 7 shows the explosion length R o as a function of ZND induction zone length for the 50%, 65% and 70% argon diluted cases. All the ZND chemi- cal length scales are computed using the Chemkin package [20] with the Konnov chemical kinetic mechanism [21] . The Konnov mechanism had been validated and proven to be suitable for detonation simulation [22] . Results once again show a good linear relationship between these parameters for argon diluted mixtures given by:
For the above regression fit, the R 2 and the maximum deviation between the correlated values and the experimental data are respectively 0.998 and 20.48%.
In contrast, an unique correlation or scaling between R o and ∆ I does not exist for undiluted mixtures as shown in Fig. 8 . It is in fact expected since for unstable detonations, cellular instability plays a prominent role at the front and the dynamic structure departs from the ZND description.
Concluding remarks
In this paper, a new dataset of critical energy for direct initiation of detonations in some common gaseous fuel-oxygen mixtures is reported. These results should found applications in safety hazard assessment of these fuels and in developing and validating models for direct initiation of gaseous detonations. An analysis is also performed to look at the scaling between the explosion length R o that characterizes the blast wave and the chemical length scale that characterizes the detonation structure. Correlation analysis between the explosion length and the cell size confirms a linear dependence between these two parameters. It is found that R o ≈ 26λ is valid for all the undiluted mixtures considered in this study and the proportionality factors changes from 37.3, 47 and 54.8 respectively for 50%, 65% and 70% argon diluted C 2 H 2 -2.5O 2 mixtures. For 'stable' mixtures with high argon dilution, it is found the explosion length can instead scale adequately with the ZND induction zone length. Results indicate that the explosion length R o is approximately 2320∆ I for all the argon diluted mixtures considered in this work.
